Visual field defects result from postgeniculate lesions. It is generally assumed that absolute defects are caused by total destruction or denervation of primary visual cortex (V1) and that the degraded but conscious vision that remains or returns in relative or partial defects is mediated by compromised V1 cortex that retains a sufficiently large population of functional neurons. We here report the results of three patients with long-standing postgeniculate lesions who underwent functional magnetic resonance imaging while their partial defect was stimulated with high-contrast reversing checkerboard stimuli. Although the stimulation evoked conscious visual impressions in all three, in only one patient did it activate perilesional V1. In the other two we found no evidence for perilesional activation, indicating that some conscious vision may return in the absence of functional ipsilesional V1.
INTRODUCTION
Cortical blindness results from denervation or destruction of primary visual cortex. It is perimetrically assessed and clinically classified according to its extent, position in the visual field, and density. With respect to density, a field defect can be relative as well as absolute. In areas of absolute blindness, visual stimuli are not consciously detected unless they have an intensity that allows the patient to detect their presence on the basis of light scattered into the functional visual field; only blindsight-nonreflexive residual visual functions in the absence of visual awareness-is possible (see Stoerig and Cowey, 1997, for recent review) . In contrast, in areas of relative blindness, some conscious vision persists. It is usually altered qualitatively as well as quantitatively, sensitivity and acuity are reduced, color vision is often absent, shape and size may appear altered or undefined, but transient stimuli of high contrast are perceived (Riddoch, 1917) . Relatively blind zones often lie between normal and absolutely blind regions and may develop in previously absolute defects when partial functional reconstitution occurs (Holmes, 1918 (Holmes, , 1931 . It is generally assumed that the conscious residual vision in these zones is subserved by functional primary visual cortical tissue and that it reflects subnormal activation in the primary geniculostriate-extrastriate cortical pathway. This doctrine has been taken to a new level by Gazzaniga and colleagues, who suggested that not only residual vision but blindsight as well was mediated by only partially damaged residual V1 tissue (Fendrich et al., 1992; Wessinger et al., 1997) . In contrast, several single-case functional imaging studies of the hemianopic patient GY have shown an absence of activation in his lesioned V1 even in conditions evoking visual awareness (Barbur et al., 1993; Sahraie et al., 1997; Zeki and ffytche, 1998; Baseler et al., 1999) . To learn whether visual stimulation of areas of relative blindness activates primary visual cortex in patients other than GY, who suffered his lesion at the early age of 8 years, we studied two patients in addition to GY. All three have long-standing visual field defects caused by postgeniculate lesions.
MATERIALS AND METHODS

Patients
Three patients, DH, FS, and GY, participated. They have long-standing postgeniculate lesions of the left hemisphere (see Fig. 1 , Table 1 for details) which caused homonymous visual field defects to the right (see Fig. 2 ). Over many years they have participated in studies of their residual visual functions (for example, see for GY Barbur et al., 1980; Benson et al., 1998; Blythe et al., 1986 Blythe et al., , 1987 Brent et al., 1994; Finlay et al., 1997; Guo et al., 1998; Kentridge et al., 1999; Marcel, 1998; Morland et al., 1996; Weiskrantz et al., 1995;  for FS Pöppel, 1985 , 1986 Stoerig, 1993; Stoerig and Cowey, 1997; Stoerig et al., 1998; for DH Stoerig 1987 , 1993 Stoerig and Cowey, 1989 .
The lesions were visualized by MR imaging using a high-resolution T1-weighted 3D FLASH sequence (voxel size 1 ϫ 1 ϫ 1 mm) recorded with a 1.5-T scanner (Siemens Magnetom Vision) (see Fig. 1 ). In DH, a hypodense area in the territory of the posterior cerebral artery is seen; it involves ventral parts of the optic radiations and V1 as well as surrounding extrastriate cortex from the medial aspect of the occipital gyrus to the occipitotemporal gyrus. An anterior wedge encroaches upon the hippocampus. FS's extensive lesion affects primarily the temporal lobe. The shape of his absolute defect as it now presents is characteristic of lesions of the lateral geniculate nucleus (LGN) or the fibers (optic tract or radiation) in its vicinity. In FS, the lesion directly involves the optic radiation including Meyer's loop, which should have affected the LGN through retrograde degeneration (Van Buren, 1963) . Finally, in GY, the medial occipital lobe of the left hemisphere is damaged, destroying V1, surrounding extrastriate visual cortex, and the underlying white matter, but sparing the occipital pole.
Visual Field Perimetry
Dynamic and static perimetry was performed at a Tü binger perimeter (Oculus, Wetzlar). The patient fixated a small central fixation spot with one eye; the other eye was covered with a patch. Fixation was monitored online by means of a video camera that projected an enlarged image of the patient's eye onto a monitor mounted within the experimenter's field of view. A 116Ј, 320 cd/m 2 white circular stimulus was moved slowly (3-4°/s) from the periphery toward the fixation spot (background: 10 cd/m 2 , white). The patient indicated its appearance in his field of view by pressing a bell button. The procedure was repeated on 24 meridians. The borders of the field defects were further mapped by moving the stimulus from the blind into the seeing part of the field. In addition, the same stimulus was used for static perimetry (⌬t ϭ 200 ms). Again, the patient indicated whether he saw the target. The black zones in Fig. 2 correspond to the absolute defects where the stimulation elicited no responses. In the relatively blind areas, shown in gray, the patients responded to this stimulus, but described it as dimmer and smaller than in the normal hemifield. It would fade from perception when left stationary and would appear, disappear, and reappear when moved slowly in this region.
It is important to note that these regions of partial cortical blindness developed from formerly absolute defects. DH had an absolute quadrantanopia in 1983 when he was first seen by one of the authors (see Stoerig, 1996 Stoerig, , for 1983 Stoerig, and 1985 . In patient FS, the absolute defect shrank over the years of testing (Stoerig, 1993) , leaving a horizontally extended wedge to the right of the fixation axis. Interestingly, in both DH and FS, the split macular region showed least recovery. This region, 3-4°, is spared in GY, for whom no early plots are available. However, he reports that his defect was originally absolute (pers. comm. to P.S.), although Barbur et al. (1980) already describe some residual vision within the hemianopic field. While the borders of the defect remained stable, the density of blindness decreased since 1992, and the field defect is now quite patchy (see Kentridge et al., 1997) .
Stimulation and Data Acquisition
Stimuli consisted of radial high-contrast reversing checkerboard patterns (3 Hz; contrast 0.95; luminance black, 1 cd/m 2 , white, 40 cd/m 2 ). They were generated with a Pentium II PC and back-projected (LCD data projector; Sony VPL-S500E) onto a transluminant screen attached to the exit of the scanner bore. The patients viewed the patterns by means of a mirror attached to the head coil at a 45°angle. They fixated a small fixation cross with the right eye; the left eye was covered with a patch. Monocular conditions were used to avoid artifacts from adaptive squints. The fixation cross was alternatively in the right or left corner of the patient's field of view, to stimulate as large an area of the chosen impaired quadrant, or its normal mirrorsymmetric counterpart, as possible. The zones of stimulation subtended 15°and extended into the zones of absolute blindness. For GY, the fixation cross was 5°e ccentric from the stimulus border to avoid stimulation of the macular sparing (see Fig. 2 ), for the other two patients a gap of ϳ1°only was left.
For technical reasons, we were unable to record eye movements in the scanner. However, we do not think that eye movements can account for the pattern of results, because (a) the patients exhibit a very steady fixation in psychophysical experiments outside the scanner, (b) they are very experienced observers interested in visual science, and (c) moving fixation rightward into the field of stimulation in order to better see the pattern in the impaired field would have activated the visual cortex of the normal hemisphere; this was not the case. Before the scanning procedure was started the patients confirmed that the checkerboard pattern was visible in the impaired quadrant and reconfirmed this afterward. Note that due to the reversing large field stimulation, the stimuli remained perceptible. The stimulation protocol alternated 13 blocks of reversal checkerboard stimulation and 13 blocks of fixation on a homogeneous gray background. Each block contained five scans and lasted 15 s.
Functional imaging was performed with T2*-weighted gradient echoplanar imaging. Technical data were TE 66 ms, TR 3 s, TD 40 ms, flip angle ␣ ϭ 90°, 16 slices, interslice gap 0.3 mm, oriented approximately parallel to the calcarine sulcus, voxel size 3 ϫ 3 ϫ 3 mm.
Data Analysis
BrainVoyager 3.8 was used for data analysis, which included preprocessing tools including motion correction, temporal (bandpass 3-40) and spatial (bandpass 1-16) smoothing, statistics in the form of correlation analysis using the alternating stimulation and fixation periods as predictors, and visualization of results with mapping of activation patterns into the 3D anatomical data sets.
FIG. 2.
The visual fields for the right eye which was also used for stimulation. Black areas correspond to regions of absolute, gray to regions of relative blindness. The radial checkerboard stimuli are shown only at their position in the normal quadrant so as not to obscure the field defect of the mirror-symmetric impaired quadrant.
For each patient, regions within three slices were chosen which were most likely to contain the upper or lower visual field representation in the primary visual cortex, as judged by the pattern of activation in the normal hemisphere, the position of the calcarine sulcus, and a standard atlas based on a roughly similar slice orientation (Kretschmann and Weinrich, 1984) . As DH's head was positioned slightly off-axis in the head coil, the slices we analyzed for the normal hemisphere were more rostral by 1 than those chosen for the lesioned hemisphere; the same slices were used for both hemispheres in the other two patients. Since we cannot judge the borders between V1 and V2 on anatomical grounds with the available spatial resolution, and V1Јs extent and position vary considerably between individuals (Stensaas et al., 1974; Zilles and Clarke, 1997) , our regions of interest (ROIs) will necessarily contain both V1 and V2.
Within the ROIs, the amplitude of signal modulation and the number of voxels whose activation was predicted by the stimulus protocol were assessed. First, the correlation coefficient (R), which covaries with the statistical probability (P), was set between 0.4 and 0.5, based on the clarity of activation appearing in the normal ROI in relation to activation over the slice (see Table 2 , Fig. 3 ). This value approximately corresponds to a P value of 0.01 when the present data are analyzed with the general linear model used in the Statistical Parametric Mapping (SPM) 96 software (Friston, 1996) . While these R and P values are reasonable settings for "normal" activation patterns, they may be too strict to reveal abnormally low residual activation in the impaired ROIs. We therefore further analyzed the data of the two patients in whom we could find no activated voxels in the ROI of the lesioned hemisphere, FS and GY, setting the cluster size to the fixed minimum of 2. First, as preprocessing may hinder the detection of very small isolated foci of activation (Dierks et al., 1998) , we repeated the analysis without spatial smoothing and again without motion correction. Next, we determined at what settings activated voxels first appear (a) in the ROI of the lesioned hemisphere, (b) in the ROI of the normal hemisphere, and (c) in the auditory cortex. The latter region was used as a control because, although the auditory cortex will be activated by the scanner noise, its rhythm bears no relation to the visual stimulation protocol. In contrast, the entire slice excluding the primary (V1) ROI contains higher extrastriate visual cortical areas that respond to visual stimulation even of absolutely blind visual fields ; in addition, extrasensory cortex may participate in the mediation and/or internal monitoring of the residual conscious vision (Sahraie et al., 1997; Zeki and ffytche, 1998) . To learn when activated voxels would first appear in the regions of interest, we reduced the correlation coefficient in steps of 0.02 from 0.8 until activated voxels were first seen. The resultant P values were Bonferroni corrected, using a factor of 100.
RESULTS AND DISCUSSION
In the ROIs of the normal hemispheres, the total number of voxels significantly activated by the contrast reversal stimulation were 20 in DH (R Ͼ 0.45, P Ͻ 0.00001) and FS (R Ͼ 0.4, P Ͻ 0.00001) and 21 in GY (R Ͼ 0.5, P Ͻ 0.00001) (see Table 2 ). The complementary mean signal amplitude changes were 1.0 (DH), 1.1 (FS), and 0.6% (GY). In the ROI of the lesioned hemisphere comparable V1/V2 activation was obtained only in DH, with 19 voxels activated at R Ͼ 0.45 (P Ͻ 0.0001); at 1%, the mean signal change amplitude was similar to the normal side. Neither in GY, whose lesion falls into the ROI, nor in FS, whose visual cortex appears normal anatomically, was activity seen at this correlation coefficient, and the mean signal modulation amplitude was reduced by 75% in both FS and GY, from 1.1 to 0.28% (FS) and from 0.6 to 0.15% (GY) (see Fig. 3 , Table 2 ). As can also be seen in Fig. 3 , the visual cortex of the normal hemisphere did not respond to stimulation of the impaired quadrant, showing that the patient's fixation was sufficiently stable.
Further assessment of the V1/V2 ROIs and the control ROIs in Heschl's gyrus (see Fig. 4 ) was done with- Note. With the correlation coefficient R set at the levels used for Fig. 3 and indicated in the first column for each patient, the number of voxels significantly activated at the R given in the fourth column, the mean signal modulation amplitude, and the corresponding probability (P) are given for stimulation of the normal and impaired visual field.
out spatial smoothing to avoid the possible underestimation of small foci of activation (Dierks et al., 1998) . Lowering the correlation coefficient R in steps of 0.02, with the cluster size set to the fixed minimum of 2, showed that activated voxels first appeared in the V1/V2 ROI of the normal hemisphere at R set to 0.6 in GY and to 0.54 in FS. The corresponding values for signal modulation amplitude-3.9 and 3.7%-and the P values-P Ͻ 0.00001-are given in Table 3 . In the corresponding V1/V2 ROIs of the lesioned hemisphere, activated voxels first appear at R set to 0.06 in GY and to 0.12 in FS. Mean signal modulation for these most significant voxels in the impaired ROI was 0.9 and 1.1%, but the activation was not significant. Indeed, the values for the control ROIs in the auditory region were similar or better. The best was GY's right hemispheric region when analyzed with the visual stimulation protocol for the normal left hemifield, in which activated voxels first appeared at R ϭ 0.24, mean signal modulation was 2%, the R value for the activated voxels was 0.34, and P Ͻ 0.05; the worst was the same region but analyzed with the stimulation protocol for the impaired right hemifield, in which activated voxels first appeared at R ϭ 0.08, mean signal modulation was 0.9%, the R value for the activated voxels was 0.14, and their probability was high at P ϭ 12 (see Table 3 for additional values).
Together, the results show that while the activity in the normal V1/V2 ROI is highly significantly predicted by the stimulation protocol, with P values to the significant 10 Ϫ17 and 10 Ϫ18 , activation in the V1/V2 ROIs of the lesioned hemisphere is of a level around or even lower than that in the auditory control regions. This confirms the overall impression given in Fig. 4 that activation actually appears unusually late in the lesioned or denervated early visual cortex. It does not reach statistical significance, and analyzing the data, both smoothed and unsmoothed, with SPM 96, setting the P value to a low Ͻ0.05, did not yield V1/V2 activation in the lesioned hemisphere.
While a stimulus tailored to activate the early visual cortical areas (Tootell et al., 1998) evoked substantial activation in the normal hemisphere, in the lesioned hemisphere significant activation was observed in only one of the three patients, DH. Here, the number of activated voxels was reduced by only 1, and the signal amplitude modulation was similar to that seen at the same setting in the normal hemisphere ROI. In this patient, the conscious residual vision in the stimulated zone of partial blindness thus appears to be mediated by perilesional tissue which likely includes primary visual cortex.
However, no activation of perilesional or, in FS, denervated V1/V2 was seen in GY or FS. This may be less surprising in GY, not only because it has been reported before (Sahraie et al., 1997; Zeki and ffytche, 1998; Baseler et al., 1999) , but also because his lesion destroyed V1 almost entirely, leaving only the occipital pole, which may correspond to the spared macula. Within the lesioned volume itself no islands of activation were detected, nor was activation observed at the occipital pole, as would have been expected if V1/V2 tissue not topographically corresponding to the stimulated peripheral field but to the spared macular region mediated the conscious vision in the partially blind field. Whether stimulation of the somewhat more sensitive upper quadrant (see e.g., Kentridge et al., 1997) would produce different results may be worth testing in view of the large number of studies on GY, but was not addressed here.
Surprisingly, FS showed a similar result although his lesion is quite distant from the ROIs, denervating V1 by affecting the optic radiation in the vicinity of the dorsal lateral geniculate nucleus. Although an earlier study ) demonstrated a lack of primary visual cortical activation in this patient as well, the stimulation there was confined to the central visual field which is absolutely blind in the right hemifield. Incomplete damage to the optic radiation would have been the most straightforward explanation of the particular shape of his defect: The partial recovery of visual functions would then have been attributable to a slow recovery of damaged but not destroyed axons. However, the lack of activation seen with stimulation designed to activate the representation of the partially defective quadrant does not agree with this assumption.
As BOLD contrast is an indirect, blood flow-linked measure of neuronal activation one could wonder whether blood flow and neuronal activity could be pathologically dissociated in the negative cases. Although this is impossible to rule out entirely without directly recording from the cortex, we think it unlikely: Not only do data on experimental ischemia in rats show that BOLD contrast signals and sensory-evoked potentials recover in reasonably close conjunction (Hossmann et al., 1991) , but also we do find activation in patient DH, who had a vascular lesion in the territory of the PCA, but not in FS, whose early visual cortex appears anatomically normal. A similarly unlikely explanation of the negative findings in GY and FS is that in their case, and different from DH, the stimulation evoked only very marginal "vision" in the impaired field which could therefore lead to too low a Note. Summary of results at the settings required for activation to first appear (cluster size 2) in the four ROIs of GY and FS: the V1/V2 ROIs and the auditory control ROIs of the two hemispheres right (R) and left (L). Stimulation protocols for the normal and impaired hemifield were both used separately as predictors. The R at which activation was first seen is given; the mean percentage of signal change, the correlation coefficient for the activated voxels, naturally higher than the one for the slice, and their probability follow. P values are Bonferroni corrected. Note that activation in the auditory ROI becomes significant at the low 0.05% level in three of the eight cases, but that no significant activation appears in the visual ROI of the lesioned hemisphere.
level of BOLD response. We do not think such a threshold problem can account for the difference between the patients, because (a) FS's residual vision is particularly robust and (b) psychophysical thresholds and BOLD contrast thresholds have been found to agree quite well (Goodyear and Menon, 1998; Boynton et al., 1999) .
As the approaches we used did not turn up evidence for V1/V2 activation that withstands even relatively loose statistical criteria in either FS or GY, the results indicate that not only blindsight can be observed in the absence of any V1 activation Goebel et al., 1998) but residual conscious vision as well. While our conclusions are tempered by the impossibility of proving an absence of biologically significant activation, we are nevertheless certain that an attempt to interpret the present data on FS and GY as evidence for V1 mediation of residual vision in fields of relative cortical blindness should fail pitifully.
Whether the conclusion would hold for other patients needs to remain open. In all three subjects tested here the zones of partial blindness are a consequence of long-term recovery most probably brought about by their long-term (Ͼ10 years) participation in tests of their residual visual functions. In all cases, the recovery was a slow, probably still ongoing process. Interestingly, this is true also in DH whose perilesional visual cortex does respond to visual stimulation of his partially blind field. While the training may have helped restore function in the lesioned V1 in his case, possibly by invoking changes in the topographical representations, in neither GY nor FS could we find evidence for perilesional mediation of the restored residual vision. Although probably helped by an early lesion, as in GY, this recovery does not depend upon the greater plasticity of the younger system. Both FS and GY have recovered conscious residual vision although no concomitant recovery of primary visual cortical function was observed. The system thus seems to make use of residual primary visual cortex if it is available, but residual conscious vision in relative defects caused by postgeniculate lesions appears not to depend on V1 activation.
